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Peripheral membrane proteins: FYVE sticky fingers
Paul C. Driscoll and Anne-Lise Vuidepot
The recently determined structure of the lipid-binding
‘FYVE’ domain provides several clues to the mode of
interaction for this class of peripheral membrane
proteins. However, the application of traditional modes
of structural analysis to diffusible membrane-binding
proteins exposes some limitations of these techniques.
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We are perhaps in the midst of the golden age of structural
biology. The reporting of new three-dimensional struc-
tures by X-ray diffraction of crystals and solution state
nuclear magnetic resonance (NMR) studies is accelerating
at an ever-gathering pace. Talk of high-throughput ‘struc-
tural genomics initiatives’ and the creation of start-up
companies to solve protein structures lends credence to
the view that much of this feverish activity is tending
towards ‘turning of the handle’ — an essentially routine
activity verging on comparison with the growth in auto-
mated DNA sequencing. The frontiers of structural
biology are said to be moving away from solving single
chain structures, and the fashion of funding agencies is to
support efforts to target large complexes of biological
macromolecules — supramolecular assemblies.
There are, however, hidden dangers with taking this
viewpoint too literally. Large chunks of significant cellu-
lar and molecular biology could be missed. Despite a rela-
tively small number of notable successes, the perennial
difficulties of studying the structures of intact integral
membrane proteins persist. Another field that has
arguably received rather scant attention is that of periph-
eral membrane-binding proteins — proteins with the
property of freely diffusing along or away from the mem-
brane surface. For a major class of these proteins, the
functional role is either to modulate the lipid composition
of the membrane or to respond to it, thereby constituting
the intracellular connection between the second messen-
ger pools that pervade the membranous compartments of
cells with downstream effector pathways. Examples
include components of intracellular signal transduction
pathways originating at activated tyrosine kinase recep-
tors [1–4], and housekeeping functions such as vesicular
trafficking and protein transport [2,5,6]. The gap in this
area of structural biology is partially filled by the recent
reports of crystallographic and NMR investigations of the
structural and ligand-binding properties of the so-called
‘FYVE’ domain [7,8].
There are fundamental difficulties in attempting to study
the physiologically relevant interactions of peripheral
membrane-binding proteins with membranes at the
atomic level. X-ray crystallographers and NMR spectro-
scopists lack the tools to satisfactorily mimic the mem-
brane surface. So far, it has not proven possible to
crystallise lipids in a form which models a bilayer mem-
brane in a wholly satisfactory way. Likewise, solution state
NMR spectroscopists have to resort to micelle mimics of
membranes to achieve an entity that is small enough not
to ruinously extend the tumbling rate of interacting
protein molecules [9]. Solid state NMR spectroscopists
have perhaps come closest, with their ability to make
stacked, oriented bilayer samples [10]. Their focus so far
has been on integral membrane proteins and, despite
some recent impressive advances, this field has, arguably,
yet to demonstrate the complete structure determination
of even a very simple embedded protein. The use of elec-
tron paramagnetic resonance to probe protein membrane
docking also yields a partial insight into the nature of
these interactions [11], but this method requires multiple
covalent spin-label modifications of the protein and does
not straightforwardly give rise to a molecular image of the
type we are used to from more traditional modes of struc-
tural analysis. We are therefore stuck for an experimental
paradigm with which to probe at high resolution the inter-
actions of peripheral membrane-binding proteins with
bilayer surfaces. 
All is not lost, however, as recently demonstrated for a
number of peripheral membrane-binding proteins with
important cellular functions, the structures of which have
been obtained in the ‘classical’ way by X-ray diffraction
and NMR spectroscopy and the results of which give
some clues as to the nature of the interfacial interaction
with their membrane targets. For example, structural and
membrane interaction studies of annexins, pentraxins,
the secreted class of phospholipases, and vitamin-K-
dependent plasma proteins have been neatly reviewed
recently in Current Opinion in Structural Biology [12–14].
The general conclusions drawn from these and other [15]
reviews are that the interfaces presented to lipid surfaces by
peripheral membrane-binding proteins are heterogeneous
and employ a variety of mechanisms to secure attachment
to the membrane (Figure 1). These mechanisms include
non-specific electrostatic association via basic patches on
the protein surface, anchor-like insertion of hydrophobic
sidechains into the membrane interior, and the seques-
tration of ‘bridging’ cations (such as Ca2+) that serve
both to neutralise acidic regions of protein surfaces
closely apposed to the membrane surface and to stabilise
those exposed hydrophobic segments that are designed
to make anchoring insertions.
These general modes of membrane attachment are also
reflected in the three-dimensional structure studies of a
number of intracellular signalling proteins including
(amongst others) the C1 and C2 domains from protein
kinase C isoforms, C2 domains from synaptic vesicle reg-
ulating molecules such as synaptotagmin, intact human
cytosolic phospholipase A2, and the small G protein
Rab3A complexed with the effector domain of rabphilin-
3A. In these instances the specificity, if any, of lipid
binding is not known.
The biochemistry of phosphoinositide (PI) lipids has been
a richly mined seam of signal transduction research. It is
now apparent that this class of lipids is implicated in both
the maintenance of chronic constitutive cellular functions
and the regulation of acute-phase signal transduction
pathways. The structural biology of proteins involved in
PI signalling has been an area of particular interest and
necessarily involves the consideration of peripheral
membrane-binding protein domains. Particular successes
include the description of the interaction of pleckstrin
homology (PH) domains with small molecule variants of
PI ligands, perhaps most notably for phosphoinositide-
specific phospholipase Cδ and Bruton’s tyrosine kinase
PH domains in complex with the inositol headgroup
mimics of their targets, namely PI(4,5)P2 and PI(3,4,5)P3,
respectively [16,17]. In the same field, the three-dimen-
sional X-ray structures of the yeast phosphatidylinositol
transfer protein [18] and mammalian PI 5-phosphate
4-kinase [19] have revealed many interesting features cor-
responding to possible general properties of peripheral
membrane-binding proteins. All of these examples serve
up the tantalising prospect of future understanding of how
lipid specificity is realised by peripheral membrane-
binding proteins in the context of a membrane surface.
FYVE domains
The most recent example of a phosphatidylinositol-binding
domain whose structure has been determined for the first
time is the FYVE domain, so-called in reference to four
proteins — Fab1, YOTB, Vac1 and EEA1 [20] — that
contain this domain. FYVE domains occur in proteins that
recognise PI 3-phosphate (PI(3)P), a constitutively main-
tained lipid that is implicated in intracellular vesicle trans-
port, and the product of the action of class III PI 3-kinases
such as the yeast Vps34p protein. Vps34p is essential for
protein sorting and vesicle transport between the Golgi and
the yeast vacuole; homologous mammalian lipid kinases
assist direction of vesicular transport to the lysosomes.
Misra and Hurley [7] have recently reported the 1.15 Å
resolution crystal structure of the FYVE domain from
Vps27p (Figure 2), the putative yeast equivalent of mam-
malian Hrs, which is implicated in endosome maturation.
And Overduin and colleagues [8] have examined the
FYVE domain from the human early endosome auto-
antigen 1 (EEA1) using heteronuclear NMR spectroscopy.
These workers elucidated the secondary structure of the
domain and, perhaps more interestingly, probed the
nature of the interaction with PI(3)P in titrations of the
protein with synthetic short and long fatty acid sidechain
PI(3)P mimics embedded in dodecylphosphocholine
(DPC) micelles. The monomeric 60-residue FYVE domain
contains eight cysteine residues that sequester two zinc
ions, the removal of which by chelating agents correlates
with loss of membrane localising function due to domain
unfolding [8]. The domain fold comprises amino-terminal
loops followed by a pair of antiparallel β-sheets and a
carboxy-terminal α-helix, enclosing the two zinc atoms and
a small hydrophobic core [7]. The topology is reminiscent of
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Figure 1
Schematic representations of the different modes of interaction
between peripheral membrane-binding proteins and the bilayer
membrane surface inferred from the structural and functional studies of
a variety of proteins. The binding force is supposed to come from one
or more of the following: (a) flat face charge complementary
interactions; (b) cation-mediated (e.g. calcium) bridging of negatively
charged protein patches and the membrane surface; (c) insertion of
hydrophobic protein sidechains into the interfacial region of the bilayer
interior; and (d) specific molecular recognition of phospholipid
headgroups by exposed protein surface patches. In many cases,
peripheral membrane-binding proteins may use more than one of these
mechanisms in combination, though arguably a full atomic resolution
picture of protein–bilayer interactions is, in any case, still lacking.
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DNA-binding RING finger domains and the zinc-binding
domain of the rabphilin family of membrane-binding
effectors of the Rab G proteins. The surface of the domain
is dominated by the flat positively charged surface patch
constituted by a conserved (R/K)(R/K)HHCR motif (in
the single-letter amino-acid code) that is a characteristic
feature of the family of FYVE domains. Mutation of a
number of these residues to glycine leads to abolition of
PI(3)P binding for EEA1 [8]. Protein crystals derive
their stability from intermolecular contacts that deter-
mine the molecular array that constitutes the lattice.
Often these contacts are non-specific in the biological
sense; however, in the case of the crystal structure of
the Vps27p domain, one of the intermolecular contacts
provides a clue as to how the FYVE domain might bind
to anionic phosphoinositides. The centre of the
(R/K)(R/K)HHCR patch contains a pocket that is occu-
pied by the backbone and sidechain carboxylate groups
of the carboxy-tail Asp residue of the neighbouring
lattice molecule. It has not proven possible to produc-
tively co-crystallise the FYVE domain with short-chain
PI(3)P, but the crystallographers suggest that this inter-
molecular interaction provides a reasonable model for the
physiological interaction of the FYVE domain with its
target lipid, wherein the 1- and 3-position phosphate
groups of the myo-inositol ring substitute for the car-
boxylate groups of the lattice neighbour [7].
Such a mode of interaction would provide a ready explana-
tion for the observed chemical and regiospecificity of
FYVE-domain binding to phosphoinositides. For starters,
the binding pocket is too small to readily accommodate
bis- or tris-phosphorylated inositol headgroups, which
would be required for interaction with PI(3,4)P2, PI(4,5)P2,
or PI(3,4,5)P3. Secondly, binding of the more abundant
PI(4)P lipid is unlikely because the greater separation of
the 1- and 4-position phosphates is incompatible with the
distance between the 1- and 3-phosphates of the PI(3)P
headgroup. NMR investigation of the binding of the
EEA1 FYVE domain with PI(5)P lipids suggests that the
interaction is much weaker than with PI(3)P, which
argues for exquisite stereospecificity of the FYVE
domain–phosphorylinositol contacts. Phosphatidylinositol
itself fails to bind at all [8].
In the NMR study, the strongest di-butanoyl-PI(3)P-
induced chemical shift perturbations were observed for
resonances in the linear segment RRHHCRQCGNIF
(residues 1369–1380), which includes the conserved basic
patch and hydrophobic residues immediately downstream.
Six basic residues are particularly strongly affected
(Lys1347, Arg1369, Arg1370, His1372, Arg1374 and
Arg1399), making them likely contenders for the lipid-
binding patch of the protein surface. In addition, the
strong perturbation of the signals from apolar residues
Met1358, Ile1379 and Phe1380 indicates that the electro-
static interactions made by the basic patch may be accom-
panied by hydrophobic interactions made by these
residues with the lipid. The possibility that binding is
associated with conformational deformation of the protein
structure has been suggested [8], but in the absence of a
full structure determination for the free and bound forms it
is difficult to assess the magnitude of any such change.
The signals from residues FSVT (residues 1364–1367)
immediately amino-terminal to the basic patch are
observed to be broadened beyond detection in the pres-
ence of PI(3)P-containing DPC micelles, in contrast to the
effect with soluble PI(3)P mimics. The Gly1377 signal is
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Figure 2
Two views of the FYVE domain from Vps27p
(backbone coloured in blue, zinc atoms in
cyan) modelled in a complex with PI(3)P
(white) [7]. The PI 3-phosphate is shown in
red, and the sidechains of the
(R/K)(R/K)HHCR motif are picked out in
yellow. Also highlighted are the dileucine pair
(Leu185 and Leu186) that make the
proposed membrane insertion which assists
the anchoring of the protein domain to the
membrane surface. Coordinates for the model
were kindly provided by James H. Hurley. Lipid headgroup
Interfacial region
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similarly only affected in the micelle case. These data
suggest that Phe1364, Val1366 and Thr1367 could interact
with the interior of the micelle by direct insertion.
Tandem mutation of Val1366–Thr1367 to Glu–Glu and
Gly–Gly inhibited the localisation of EEA1 FYVE
domain–GFP fusion proteins to endosomes in yeast cells,
as assessed by fluorescence microscopy [8]. In the X-ray
structure of the Vps27p FYVE domain, the dileucine pair
(Leu185–Leu186), in a corresponding position upstream
from the basic PI(3)P headgroup-binding patch, protrudes
from the tip of the domain, again provoking the notion that
these sidechains might invade the bilayer surface to make
favourable non-specific interactions with the lipid fatty
acid sidechains (Figure 2) [7]. Direct corroboration of this
model for the interaction is not possible in the absence of
methods to determine the three-dimensional structures of
protein–lipid interfaces. In addition, it is presently difficult
to assess by any means the suggestions that dimerisation of
FYVE domains might occur at the membrane surface [8],
that the FYVE domain ligates the PI(3)P headgroup in a
side-on fashion [7], that the phosphorylated headgroups of
the PI lipids protrude substantially from the membrane
surface [7], or that the binding of PI-lipid-binding domains
is influenced strongly by the degree of unsaturation of the
lipid fatty acid sidechains [21].
Conclusions
The picture that emerges from the investigation of FYVE
domain structure [7,8], coupled with the evidence from
the widening range of structural studies of peripheral
membrane-binding proteins [12,15], is that this class of
proteins are likely to employ a variety of mechanisms to
attach themselves to the membrane. In each case a full
picture is lacking, however, because of the limitations of
the modes of structural analysis classically employed to
handle membrane lipid systems. Is there any hope that we
might gain greater insight into the atomic nature of these
interfacial relationships in the future? It is perhaps not an
impossible prospect. Arguably, NMR experiments with
protein attachment to micelle models of bilayer mem-
branes come closest to revealing the true nature of
protein–membrane interactions. The future promise of
the further application of NMR techniques in this area
comes from the recent interest in esoteric nuclear relax-
ation interference phenomena that have given rise to new
excitement in the NMR community for applications to
‘larger’ (20 kDa < MW < 100 kDa) soluble proteins, small
protein aggregates and maybe even membrane proteins
stabilised in lipid micelles [22]. It is conceivable at any
rate that these spectroscopic avenues, perhaps combined
with novel chemistry for the generation of improved
mimics of bilayer surfaces and lipid rafts, could lead to a
new paradigm in structural biology that enables more
accurate and precise assessment of the intermolecular
forces that underpin membrane attachment of the many
and varied peripheral binding proteins. 
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